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I. AIMS AND OBJECTIVES

A. Modify a Finnigan Corp. quadrupole mass spectrometer to simul-
taneously record positive and negative ion chemical ionization
mass spectra.

B. Modify a Finnigan Corp. quadrupole mass spectrometer to accept
a Townsend discharge chemical ionization ion source.

C. Investigate the ionization of various nitroaromatic (including
TNT, ONT , and MNT) compounds by negative ion chemical ionization
mass spectrometry using a Townsend discharge ion source. Deter-
mine chemical ionization spectra in the presence of various
reagent gases and at various source temperatures.

D. Determine the limits of detection for vapors of the above corn-
pounds using negative ion chemical ionization mass spectrometry.

All of the objectives of this contract research have been achieved.
Results of our research are described in section III.

II. INTRODUCTION

As indicated in several recent reviews (1—4), formation of

negative ions by interaction of electrons and sample molecules can

occur by three different mechanisms:

AB + a AB~ resonance capture (1)

M + e -
~~ A + 3 dissociative resonance 

(2)capture

AB + . A~ + 8 + a ion-pair production (3)
.,~~ 

~~
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Each of these processes shows a strong dependence on electron energy .

Resonance capture affords molecular anions and involves electrons

with energies near 0 eV. Dissociative electron capture is observed

with electrons in the energy range 0-15 eV, while ion-pair produc-

tion usually requires electron energies above 10 eV.

Under conventional electron impact conditions (40-80 eV electrons

and source pressures in the range 10~~-lO~~ Torr), formation of nega-

tive ions occurs predominately by the ion pair mechanism . Consequently ,

the majority of organic compounds afford spectra which are devoid of

molecular ions and dominated by structurally insrgnificant low mass

fragment ions such as (0.~~, 0H, CN , NC C ,  NO~~, CNO , etc.) (1,5).

Sensitivity is also a problem when the El method is employed . Pro-

duction of negative and positive ions in a ratio of i:i~~ is not

uncommon. Despite the above difficulties, negativ~ ion El mass

ipectrometry has found limited utility in the analysis of rnetalloor-

ganic (1), organoboron (6), polynitro (1), polyfluoro (1), organo-

sul fur (1), and organophosphorus (7) compounds. Spectra of these

classes of compounds often exhibit both molecular anions and struc-

turally significant fragment ions. Interaction of sample molecules

with a small population of low energy electrons produced from elec-

trode surfaces is assumed to be responsible for t a gani -1
molecular anions under the above conditions.

~L1
!~~ 

_ _ _ _

I. o ~I~~~.4 ,.
~5~~~ f l u

•1•4 ~~~~~~~~~~~ .4 ,4•_
~~

_ __ 

~~~~
_ _ _ _ _ _ _

L~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ . 
- ---~~ - ..- — .- - . - .. - - -,. .. ~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~ 



— — *

—3—

In an effort to extend the utility of the El negative ion

technique, Bowje has explored the possibility of tagging complex

organics with efficient electron capture groups (1). Derivatiza-

tion of sample molecules in this manner increases the cross section

for capture of the small number of thermal electrons in the ion 
-

source and also widens slightly the energy range of electrons that

can be captured by the sample without inducing fragmentation.

Accordingly, the method does enhance the yield of structurally in-

formative anions produced from organic samples. Research in this

area has also afforded a wealth of information on the un imolecular

fragmentation mechanisn s of negative ions. Widespread use of the El

technique in analytical applications is unlikely, however, since

much of the ionization still involves interaction of sample with

high energy electrons and occurs by the undesirable ion—pair forma-

tion mechanism. The above technique is also several orders of magni-

tude less sensitive than the methodology described in this paper.

Until recently the most useful method of producing negative ion

mass spectra was that of v~n Ardenne (3) who employed a low pressure

(10— 2 Torr) argon discharge to generate a plasma containing positive

argon ions and a large population of low energy electrons. This

plasma was constricted by a strong magnetic field and allowed to pass

into a chamber containing gaseous organic sample. Ionization of the

_ _ _ _  

_ _ _
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sample in this Duoplasmatron source occurs predominantly by the

resonance capture and dissociative resonance capture mechanisms

and the resulting spectra exhibit abundant high mass fragment ions

as well as ions characteristic of sample molecular weight. Even

though von Ardenne and his coworkers have obtained excellent spec-

tra of hundreds of organic compounds using the above method , the

Duoplasmatron ion source has not enjoyed widespread usage. This

is in part due to the cost and extensive nature of the modifications

required to facilitate attachment of the Duoplasmatron source to

conunercially available mass spectrometers.

It is important to note that the success of the Duoplasmatron

source lies in its ability to generate a large popula tion of near

thermal electrons, which are readily captured by many organics with-

out inducing extensive fragmentation. A similar population of

electrons is also produced when a mass spectrometer is operated

• under chemical ionization conditions. In this method a reagent

gas such as nitrogen at a pressure of 1 Torr is placed in the ion

source and bombarded with high energy electrons (100-500eV) in

order to generate reagent ions as shown in Equation 4. Sample

moleculee are introduced in the usual manner and are ionized by

ion-molecule reactions with the reagent ions (Equation 5.). As

indicated in Equation 4, the formation of each reagent ion is

accompanied by the production of a low energy electron. Each

ionizing event also removes about 30eV from the bombarding electron

(8) which in turn undergoes a number of collisions with neutral 

- — • - - .  -— ~~~——~~~~~- - •  ~~~•— ~~~~~~~~~~~ -- —- “~~ •-~~— - — — -
~~~~~~~
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N 80—eV + *
2 electrons > N2 + e + N2

+AB _
~~~ + N2 —(2—8ev) (5)

N~ + AB—~N2 + ABt + e — -(0-3eV) (6)

gas molecules. Consequently, the energy of the incident electron

beam in reduced to near thermal values also (9). Thus operation

- of a mass spectrometer under CI conditions affords a mixture of

positive reagent ions and near thermal energy electrons. Negative

reagent ions can also be generated when the reagent gas molecules

themselves are capable of forming stable negative ions by the

resonance capture or dissociative resonance capture mechanisms.

Considerable effort has been devoted to exploring the analyti-

cal potential of various reagent gases for positive ion CIMS (10—12).

This is a direct consequence of the finding that the nature of the

CI spectrum produced is dependent on both the nature of the reagent
— 

gas and the type of ion molecule reaction used to ionize the sample. -

Different structural information can be obtained from the same sam-

pls by recording several positive ion CI spectra using different

reagent gases. Similar results should be obtained in negative ion

CIMS studies. Despite this expectation, little research has been

conducted on the analytical potential of negative ion CI reagents.

Dougherty has reported on the methane and isobutane negative ion

CI Spectra of polycyclic chlorinated insecticides (13) and aromatic

chlorinated pesticides (14) and has also discussed the utility of

C1 as a CI reagent ion (15). Use of C1 and in an atmos-

ph.ric CI source for the analysis of barbituates (16), chlorinated
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aromatics (17), and highly acidic compounds (18, 19):has also

been reported. The superoxide anion, 02., has been shown to

be an excellent reagent for CI analysis of 2,3,7,8—tetrachioro—

dibenzo-p-dioxin (20), alcohols, and polycyclic aromatic compounds

(21).

A major goal of this contract research was to evaluate the

utility of negative ion CIMS for the detection of n~troaromatic

vapors in the atmosphere.

Under chemical ionization (CI) conditions the negative ion

current obtained from nitroaromatics should exceed the positive
‘01 ‘#q~’ion current by a factor of ~~~ - 10 . This means that by using

negative ion chemical ionization (NCI) mass spectrometry the

limit of detection for nitroaromatics should be more than a

hundred times lower than the detection limit currently realized

by conventional electron impact and positive chemical ionization

• techniques.

The enhanced negative ion sensitivity predicted above is

based on the assumption that positive and negative ions are de-

stroyed in a CI source at the same rate and by the same process

(i.e., diffusion of ions to the ionization chamber walls.)

- • -~~~~ - • -~~~~~-- --—. -—--~ —~~~~ p~~_~~~
._ •_~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Formation of positive sample ions under CI conditions requires a

collision between positively charged reagent ion and neutral Sam-
• pie molecule. Since thi, process is diffusion controlled, reac-

tions occurring on every collision usually have rate constants on

the order of l0~~ molecules cur
3. Formation of negative sample

ions by electron capture is also governed by diffusion if the pro-

cess proceeds with unit efficiency . However, since the mobili ty

of an electron is Ca. 100 times greater than that of an ion, the

rate constant for resonance electron capture can be more than two

orders of magnitude (102) greater than typical ion molecule reac-

tion rate constants. We conclude that formation of negative ions

by electron capture can be >102 faster than any ion molecule reac-

tion producing a positive ion. If the rate of sample ion destruc—

• tion is the same for positive and negative ions~ the larger rate

of formation of negative ions should be reflected in a 100-1000 de—

crease in sample size required for negative versus positive ion

mass spectrometry .

In order to compare sensitivity in the positive and negative

ion mode directly, one of the first objectives of the contract re-

s.arch was to modify a Finnigan quadrupole mass spectrometer so

that positive and negative ion mass spectra could be recorded simul-

taneously. Also since a major goal of the research was to establish



• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

• • 

- —8—

• limi ts of detectabili ty for nitroaromatic vapors in the atmosphere,

the utility of air as a CI reagent gas- was investigated. Since

oxygen rapidly destroys hot metal filaments usually employed to

produce an ionizing beam of energetic electrons, the quadrupole

mass spectrometer also had to be modified to accommodate a Townsend
• discharge ion source. The Townsend discharge was to be employed as

an alternate source of energetir electrons. -

All of the objectives of the contract research have been

achieved. Results of our research are described in the following

section.

III. RESULTS AND DISCUSSION

A. Simultaneous ‘Recording of Positive and Negative Ion Chemical
Ionization Mass Spectra

• Simultaneous recording of positive and negative ion CI mass

spectra (21) on Finnigan Model 3200 and Model 3300 quadrupole mass

spectrometers is accomplished by pulsing the polarity of the ion

source potential (±1—b y) and focusing lens potential (±lO—30V) at

a rate of 10kHz as illustrated in FIgure 1. Under these conditions,

packets of positive and negative ions are ejected from the ion

source in rapid succession and enter the quadrupole filter. Unlike
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the situation in magnetic sector instruments, ions of identical rn/c,

but different polarity, traverse the quadrupole field with equal

facility and exit the rods at the same point. Detection of the posi-

tive and negative ion beams is accomplished using two Model 4751.

analog continuous dynode electron multipliers (Galileo Electro—

Optics Corp., Sturbridge , Mass.) placed side by side at the exit

aperture of the quadrupole rods. The potential on the first dynode

is maintained at +1200 to +2000 V on one multiplier and -1200 to

—2000V on the other. Accordingly, positive ions are attracted to

• one multiplier and negative ions are attracted to the other. The

result is that positive and negative ions are recorded simultaneously

as deflections in opposite directions on a conventional bight beam

oscillograph (LBO). Signals from the positive ion multiplier are

handled with standard Finnigan electronics. The negative ion signal

is processed by commercially available equipment. This includes a

floating coaxial feed through (Ceramaseal Inc., New Labanon Center,

• N.Y.) and negative ion preamplifier (Extranuclear Laboratories,

Pittsburgh, Pa).

• In order to obtain a direct comparison of ion currents pro—

• duced in the positive and negative ion mode using the PPNICI techni-

que, it is necessary to know the relative gain of the positive and
negative ion multipliers. This is accomplished in the present study

• . • •. • • _____________________ ~~~~~~~~ -• — • •~~
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  a
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• It
by inserting a Faraday cup in place of the multipliers and then

measuring the positive and negative ion c~irrent obtained from an
• 

• 

unheated solid probe sample of benzoic acid using 1 Torr methane

as the reagent gas. Under the above conditions the ratio of (M-l) /

• (M+1)’ is 1:4. This experiment is then repeated with the dual

electron multipliers in their standard configuration. Equal gain

• on the multipliers is achieved by varying the voltage applied to

each multiplier until the above ion current ratio for benzoic acid

is obtained.

PPNI—C I
Pos ~U moos

- _ •11 ~ 
-

e~0w £& ~ LSO
sov~ci 2IOV 4 l5~ Qy

t 4 1 0V
PU~ 3E~~ai~ 0KH z

Figure 1. Pulsed positive negative ion chemical ionization (PPNICI)
mass spectrometer

FIL — filament, EN ~ electron multiplier , and LBO light beam oscillo—
graph 

• _ _ _ _ _
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B. Modification of a Finnigan Quadrupo].e Mass Spectrometer to

Accommodate a Townsend Discharge CI Ion Source.

To facilitate use of oxidizing reagent gases, the CI source

on the Finnigan 3200 and 3300 quadrupole mass spectrometers was

modified to accommodate a Townsend discharge (22). This is

accomplished by mounting a discharge tube in the 1/8-inch hole

remaining in the ion chamber walls after the conventional elec-

tron trap assembly has been removed (Figure 2). Over this hole

are placed in the following order; a nickel screen (85% trans-

mission) (Scientific Instrument and Equipment Division , Bendix

Corp., Rochester, N.Y.), a hollow cylindrical insulator insula-

tor formed from machinable glass ceramic (Corning Glass Works,

• Corning, N.Y.), and a cathode machined from stainless steel.

These items are assembled with 0-80 screws ins~u1ated with sapphire

and ceramic spacers. The cathode of the resulting assembly is

then connected through a 3—MQ (2—watt) current limiting resistor

to the negative terminal of a 1600—V power supply. This power

supply includes 18 type B , 90-V (Eveready No. 490) radio batteries

connected in series, a variable voltage control, and an ammeter

capable of measuring discharge currents from I. to l000uA.

• • • -  •• ~~~~~~~~~~~~~~-~~~•-——~~
• •~: ~~

~_
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For operation of the Townsend discharge as a source of

electrons (anode mode) to ionize a reagent gas at 1 Torr, the

voltage between the two electrodes is increased to between 800

and 1200 V until the ion current from the source is maximized.

Under the above conditions the TD affords l0-30~A of electron

current, is completely stable , and is unaffected by the pulse

frequency applied to the ion source and lens for PPNICI experi-

ments.

0 ~ 0I~~I ~4- *.( ~~~~~~

-1KV —

- 

I ‘I 

_ _

• . br~~:
s 

H~
_ H-~~• • L~J 14-1.5.1

4 1 s I
£

Figure 2. Townsend discharge ion source

(A) Discharge tube components; (B) stainless steel cathode (g)
as viewed from the side; and (C) stainless steel cathode as viewed
from the bottom; (c) ion source volume; Cd) solids probe inlet; Ce)
85% transmission Ni screen; ( f )  hollow glass ceramic cylinder i.d.
3/16 inch, o.d. 1/4 inch, length, 3/16 inch ; (h) stainless steel screws
0—80 UNF—2A X 3/8 inch; (j) 9/16 inch; (k) 3/16 inch; (1) 1/16 inch;
Cm) 1/16 inch; (n) 1/4 inch; (0) 3/32 inch

_ _

L • 
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C. N~qative Ion CI Mass Spectra of Nitroaromatic Compounds

Negative ion CI mass spectra of TNT, DNT , and the three iaom .ric

MNT molecules hay, been obtained using four different gases,

methane , ni trogen , oxygen , and air as the CI reagents . Results of
thee, experiments are presented in Tables I and II.

t

. I-
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t Under CI conditions neither methane nor nitrogen form stable

t negative ions. Production of positive ions from these molecules,

however, is accompanied by formation of a population of near
thermal electrons which function as “reagent ions” in these two

gases. Negatively charged ions from sample-molecules are formed

~ predominately by electron capture in these two reagent gases.

Small amounts of O}r are formed from water as an impurity in the

• methance and nitrogen but the reaction of this ion with sample is

seldom responsible for more than a few percent of the negative

sample ion current. •

• In contrast to the above situation, both air and oxygen.

afford abundant negatively charged reagent ions under CI conditions.

In the case of oxygen at 0.8 torr the following ions appear;
• 

O~ (5.2%), O~ (48%), 0 (3.4%), 0H (31%), and 0 (12.5%). The same ions

are formed from air; 0~ (5.2%), O~ (25%), 0 (22%), 0}r(27.5%), and

o;2o.3%’ .

With oxygen or air as th~ -CI reagent formation of negatively
• charged sample ions can occur by electron capture, charge exchange

and/or Bronsted base ion molecule chemistry.

- 

• i~~~~
•
_
~~~~

-
~ ~~~~~~~~~~~~~~~~~~~~~~~
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eRH _ _ _ _ _  RH (7)

R H + O~ —~~~ RH~~+ O 2 
(8)

R H + O ~ .—~~~ R + 0 H  (9)

In general the negative ion CI mass spectra of aromatic

compounds exhibit high ion currents in the molecular weight region

of the spectra. Those ~ragment ions that do form are highly

characteristic of structure and correspond to the loss of small

moieties such as OH , NO, 0, and NO2. Very little current is

carried by the NO~ ion which dominates negative ion spectra re-
• 

• 
corded under conventional El conditions. In addition to the above

ions, formation of an M-l occurs when air or oxygen is employed

as the CI reagent. All three of the reagent ions, 0H, 0 , and 9,
• in these gases are probably sufficient strong bases to remove protons

from the nitroarontatic compounds studied.

Negative ion CI spectra of nitroaromatic compounds were all

found to be highly temperature dependent. Increasing the ion source

temperature altered the distribution of sample ion current substan-

tially. As shown in Table II spectra of the nitroaromatics recorded
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at 200°C all exhibit significantly more fragmentation than those

recorded at 100°C. The cross section (sensitivity) for ion

formation may also vary considerably with temperature but the

necessary experiments to check this have not been performed.

D. Determine the Limits of Detection for TNT Vapors Using
Negative Ion Chemical ioni~ation Mass Spectrometry INI CIMS)

Method 1 - Gas Chromatography Mass Spectrometry (GCMS)

In the initial experiments to determine the lower limit of

detection for TNT vapors by negative ion quadrupole CIMS, samples

were introduced to the ion source via a gas chromatograph inter-

faced directly to the mass spectrometer . Acetone solutions con-

• tam ing known concentrations of TNT were employed in this work.

The signal carried by the molecular anion, M~, at m/e 227 was

sampled continuously by operating the spectrometer in the single

ion detection mode and by using a Finnigan PROMIM and Rikadenki

recorder to display the signal. The quantity of sample injected

into the GC was decr•ased until the limit of detection (S/N—2) was

achieved. Other pertinent experimental conditions are listed below.

____•
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Temperature - lnject or — 275°
Column — 210 (5 f t  OV—l, 3%)
Transfer line — 280°
Ion source - 100°
Filament current — o.2mA at 100eV
Source pressure — 0.86 torr of methane
GC carrier gas - methane

• CI reagent gas - methane
• TNT retention time - 1.25 mm

CC column flow rate — 7ml/min

using the above methodology a S/N of 3 was obtajned when

lpg of TNT was injected onto the CC column.

Method II - Use of a Jet Separator •

In a second set of experiments the GC was disconnected and

replaced with a standard Finnigan jet separator open to the atmos—

phere at one end and interfaced to the ion source at the other.

The sample consisted of a large mouth jar containing air saturated

with TNT vapors. The contents of the jar were sampled by placing

the open vessel near the open end of. the separator for approximately

1 second.

_ _ _ _ _ _ _ _ _ _  
_  • 
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Additional experimental parameters included : 
-

Separator and Transfer lines 250°

Ion Source Temperature 100°

Ion Source Pressure 700k l6OU. of air through separatol
• 540~ of methance added 

after
separator

!4onitored ion rn/c 227 (M) for TNT 
•

Recorder Finnigan PROMIM plus
• Rikadenki Recorder

Air saturated with TNT afforded a S/N — 4000 in the above

experiment. This result suggests that a level of TNT 2000 times

lower than that employed could be detected with a S/N 2. Since •

saturated TNT in air corresponds to 3 parts TNT in 10~ parts of

air, the lower limit of detection by this method wâuld appear to- 
p

be 1.5 parts in i~
12 or lSfg.cc of air.

Method III — Capillary Flow Restrictor

In a third experiment the jet separator was removed and re—

placed with a 8/1000 inch glass capillary flow restrictor. Flow

- 

of air at 1 atm through this glass capillary produced an ion source

pressure of 800u. Other experimental conditions were identical to
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those employed in method II. With the capillary flow restriotor

in place , air saturated with TNT afforded a S/N ratio of 2000.

This valve extrapolates to a detection limit for TNT of 3 parts in

TNT in 10 12 or 30 fg/cc of air.

GENERAL COMMENTS

The detection limit of TNT achieved using the jet separator

and capillary flow restrictor methods is approximately 50 times

lower than that obtained• in the GCMS experiment. Irreversible sam-

ple absorption in the GC could explain the above discrepancy but the

necessary experiments to prove this have not been performed.

It is perhaps worth mentioning that several other compounds

have recently been detected at the femtogram level by negative ion

GC d M5. These compounds are shown below along with the lower limit

of detection achieved.

- 
I~J4_. Sj?%,

~~ s/ri

~~~~~i JO’YO ~trnyh~ien~
• ~oporrrnrQ
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Since the cross section for formation of a stable negative

ion from TNT is equal to that of the above compounds we expect

• J a similar lower limit of detection for TNT, C~~. 1 fg/cc of air

with a S/N—2 (1 part in 1013 ), using our present instrument con-

figuration. The level realized to date is lSfg/cc. of air.
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Additional Experiments

The above work was carried out on a Finnigan 3300 quadrupole’

mass spectrometer. Finnigan now manufactures a model 4000 instru-

ment which operates with a positive ion sensitivity between 10 and

100 times higher than that obtained on our 3300. This improved

• performance has been achieved largely by better focusing of the ion

beam exciting the ion source and should therefore be independent

of the sample ionization step. We therefore anticipate that detection

of TNT by negative ion CI on the model 4000 could be obsefved at

10—100 times lower levels than that measured on the model 3300. On

the Finnigan 4000, detection of TNT could possibly be achieved at a

level of 1 part in lO h t or 10 16g/cc of air. We have recently ac-

quired a Finnigan model 4000 and plan to make the necessary measure-

ments as soon as the instrument has been modified for negative ion

CI experiments.
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